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Precise control and study of molecules is challenging due to the variety of internal degrees of free-
dom and local coordinates that are typically not controlled in an experiment. Employing quantum
gas microscopy to position and resolve the atoms in Rydberg macrodimer states solves almost all
of these challenges and enables unique access to the molecular frame. Here, we demonstrate the
power of this approach and present first photoassociation studies for different molecular symmet-
ries in which the molecular orientation relative to an applied magnetic field, the polarization of
the excitation light and the initial atomic state are fully controlled. The observed characteristic
dependencies allow for an electronic structure tomography of the molecular state. We additionally
observe an orientation-dependent Zeeman shift and reveal a significant influence on it caused by
the hyperfine interaction of the macrodimer state. Finally, we demonstrate controlled engineering
of the electrostatic binding potential by opening a gap in the energetic vicinity of two crossing pair
potentials.
I. INTRODUCTION
Understanding the interplay of electronic and nuclear
dynamics in chemical reactions is an important goal in
quantum chemistry and material sciences. The quantum
control available at ultracold temperatures [1–3] has
fostered the understanding of this interplay in a series
of experiments, ranging from the coherent preparation
of rovibrational states [4, 5] and the controlled photo-
dissociation into continuum states [6] up to the study of
ultracold chemical reactions [7–9]. In such experiments,
the quantum uncertainty of the rotational state forbids a
fixed orientation of the molecular axis in the laboratory
frame [10]. Such a molecular alignment can be achieved
with strong fields [11–13] and enables access to the mo-
lecular frame of reference. This is a prerequisite for prob-
ing the electronic wave function of the molecule since the
molecular axis acts as its quantization axis. Molecular
bound states of highly-excited Rydberg atoms feature
enormous bond lengths extending into the micrometer
regime and provide an alternative route to access the mo-
lecular frame. The large size and accordingly small rota-
tional energy splittings of these so-called Rydberg mac-
rodimers [14–16] enables the excitation of molecules from
atom pairs aligned in the laboratory frame and held at a
distance matching the bond length by individual optical
traps [17]. Furthermore, the small binding energies allow
to engineer and shape the molecular potentials already
by weak external forces and fields [18].
Macrodimers [19–22] are electrostatically bound states
in local minima of Rydberg interaction potentials [23, 24].
These states are well described by electronic quantum
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numbers |Ω|±g/u, with Ω = m′J1 +m′J2 the total electronic
angular momentum projection of both bound atoms
along the interatomic axis and the superscript (subscript)
denoting the reflection (inversion) symmetry [23, 25].
Due to the huge polarizability of Rydberg atoms, these
molecules feature bond lengths up to the micrometer
scale, typically one order of magnitude larger than the
extension of the Rydberg wave function itself [26]. The
absence of overlapping orbitals classifies them as purely
long-range molecules [1] and significantly simplifies the
calculation of binding potentials and molecular wave
functions |ΨMol;Ω±g/u〉 =
∑
i,j cij |rirj〉 from ab initio
principles. Knowledge of the decomposition in asymp-
totic Rydberg pair states |rirj〉 enables precise calcula-
tions of excitation rates [19] and response to external
fields, which both depend on the molecular orientation.
The excitation of aligned pairs of unbound atoms to these
huge aligned molecules allows one to map out these de-
pendencies, as summarized in Fig. 1 (a).
Here, we combined such spatially resolved photoassoci-
ation (PA) studies in the molecular frame with precision
spectroscopy in order to benchmark and identify differ-
ent molecular symmetries [27, 28]. The observed PA rates
depend on the angle β between the initial quantization
axis of the atoms, given by the magnetic field B, and
the reference frame of the associated molecule, defined
by the interatomic axis R. Resolving these dependencies
realizes an electronic structure tomography of the mo-
lecule as they expose the underlying molecular quantum
numbers. Additionally, we observed a first order Zeeman
interaction of the interaction potentials with a magnetic
field aligned with R, which is absent for a purely trans-
verse field. The corresponding energy shifts of the vibra-
tional resonances are another fingerprint of the electronic
structure and enable the selective molecular alignment by
the frequency of the PA light. Finally, using the trans-
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Figure 1. Overview of the experiment. (a) The photoassociation (PA) rate to molecular potentials |Ω|±g/u depends character-
istically on the angle β between molecular axis and magnetic field, the initial state |F = 2,mF 〉 and the circular polarization
angle ϕ of the polarization ε of the PA laser. For |Ω| 6= 0, the vibrational resonances experience a Zeeman splitting proportional
to the magnetic field projection on the molecular axis. (b) Blue-detuned from the atomic 36P1/2 transition, we find 0
−
u ,0
+
g and
1u molecular potentials. (c) Starting with a near unity filled two-dimensional atom array, we excite pairs of ground state atoms
at lattice diagonal distance into molecular macrodimer states which leave the system afterwards. The polarization ε and the
magnetic field are tunable. The bond lengths studied here roughly match the diagonal distance of the array. The reconstructed
images contain a correlation signal at separation vectors R = (1,±1)alat perpendicular (parallel) to the k-vector of the PA
laser, each corresponding to a certain orientation relative to B and ε.
verse field, we shaped the binding potentials by breaking
the symmetry of the molecule and coupling two crossing
pair potentials with a tunable coupling strength, which
modifies the binding potential and leads to controlled
predissociation [29].
II. EXPERIMENTAL SETUP
Our experiments started with a two-dimensional
atomic Mott insulator of 87Rb atoms loaded into a square
optical lattice, with lattice constant alat = 532 nm and
near unity filling of 94(1)% [30]. The molecular po-
tentials studied here are shifted by the interaction en-
ergy U relative to the asymptotic state |36P1/236P1/2〉,
see Fig. 1 (b). The two-photon PA of pairs of ground
state atoms |gg〉 (with |g〉 the specific ground state of
the sample) to molecular states |ΨMol;Ω±g/u〉 leads to res-
onances at laser detunings ∆/2pi = U/2h relative to the
36P1/2 transition. The excitation was driven by an ultra-
violet (UV) laser at λ = 298 nm sent along the diagonal
of the lattice [17]. The molecular bond length close to
the diagonal distance of the lattice and the strong con-
finement provides significant Franck-Condon overlap at
a distance of
√
2alat. The spatial ordering of the ground
state atoms on the lattice ensures the alignment of the
associated molecules along the two possible diagonal dir-
ections. A subsequent dephasing of the contributing ro-
tational modes can be neglected due to the rotational
constant Brot ≈ 200 Hz [31], which is smaller than ra-
diative decay rate of the macrodimer state. The UV
polarization, the magnetic field amplitude and its dir-
ection relative to the lattice remain tuning parameters,
see Fig. 1 (c). Because the Rydberg atoms are efficiently
ejected from the optical lattice [17, 32], molecular ex-
citation leads to correlated atom loss at a distance of√
2alat, which can be revealed microscopically by ima-
ging the remaining atoms with our high-resolution ob-
jective [30, 33]. We quantified the photoassociation rate
by evaluating ensemble-averaged hole-hole correlations
g(2)(δx, δy) = (〈hˆk+δx,l+δyhˆk,l〉 − 〈hˆk+δx,l+δy〉〈hˆk,l〉)k,l.
Here, hˆk,l = 1 − nˆk,l is the hole operator at site (k, l),
nˆk,l is the atom number operator, which is 1 (0) for an
occupied (empty) site, and ( )k,l denotes averaging over
all sites.
III. COMPETING REFERENCE FRAMES
In a first experiment, we characterized the 0−u poten-
tial shifted by 1.84 GHz relative to the reference asymp-
tote, see Fig. 1 (b). The spectroscopic signal in the
total atom number is similar for all ground states within
the F = 2 hyperfine manifold, as explicitly shown for
mF = −2 and mF = 0 in Fig. 2 (a). As expected
from Franck-Condon factors, we generally observe that
PA rates are maximal for the lowest vibrational quantum
number ν and are higher for even compared to odd ν [17].
Our microscopic resolution, however, is expected to re-
veal differences in the alignment of the associated mo-
lecules, also dependent on the magnetic field orientation.
To show this, we first prepared ground state atoms in
|mF = −2〉 = |mJ = −1/2〉 ⊗ |mI = −3/2〉, with mJ
and mI the electronic and nuclear spin projection on the
magnetic field. Then, we illuminated the atoms with
UV light, linearly polarized in the atomic plane and on
resonance with the lowest vibrational macrodimer state,
until about three molecules were excited. By adding a
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Figure 2. Microscopic excitation signatures for 0−u molecules. (a) The spectroscopic photoassociation signal can be observed
starting from |mF = −2〉 (red) and |mF = 0〉 (blue) and matches the calculated energies for even (odd) vibrational quantum
numbers ν, indicated by solid (dashed) gray lines. (b) Comparing the hole-hole correlations g(2)(δx, δy) starting from |mF = −2〉
for two orthogonal magnetic field orientations, we observe that excitation only occurs for atom pairs oriented perpendicular to
the magnetic field. For both cases, we show two exemplary images from the quantum gas microscope from which the correlation
strengths are derived. (c) Rotating the orientation of the magnetic field, we find excitation curves characteristic for 0−u , which
depend on the initial state and the polarization ε. As shown in (b), ε was parallel (perpendicular) to R for g(2)(1,±1). Solid
lines are theoretically expected angular dependencies, where the overall amplitude was left as a fitting parameter. All error bars
on the data points denote one standard error of the mean (s.e.m.) and grey circles indicate an expected background correlation
signal.
finite magnetic field of B = 1 G aligned along either
of the lattice diagonals, we observe that photoassoci-
ation only occurs perpendicular to the magnetic field,
as shown in Fig. 2 (b). This is a direct consequence of
the interplay between the different quantization axes of
the ground state atoms and the molecule. Due to the
small hyperfine interaction of Rydberg atoms, only the
summed fine-structure state |MJ〉 in the ground state
|mF = −2〉 ⊗ |mF = −2〉 = |MJ = −1〉 ⊗ |MI = −3〉
takes part in the coupling, while the nuclear part |MI〉
does not contribute. Characterizing the excitation in the
molecular frame, the UV light is pi-polarized for ε ‖ R
(i.e. g(2)(1, 1)) and a superposition of σ±-components for
ε ⊥ R (i.e. g(2)(1,−1)). In both cases, dipole selection
rules do not allow a transition from MJ = −1 to Ω = 0
by the absorption of two photons. However, for a finite
angle β between R and B, the initial state has to be
rotated into the molecular frame, which changes its elec-
tronic decomposition and enables molecular excitation.
In a more detailed study, we varied the relative angle
β between the atom pairs and the magnetic field in five
steps from 0◦ to 90◦. We then quantified the PA signal
by the observed hole-hole correlations along both diag-
onals for different initial states, as shown in Fig. 2 (c). In
agreement with our findings of the previous paragraph
and Fig. 1 (a), PA rates starting from |mF = −2〉 vanish
for β = 0 and are maximal for β = 90◦. Starting from
|mF = −1〉, we find a strikingly different β-dependence,
again consistent with the calculation. For |mF = 0〉,
the photoassociation does not depend on β any longer.
The observed angular distributions are characteristic for
0−u potentials and can be attributed to the angular de-
pendent electronic decomposition of the ground state in
the molecular frame, see Appendix A. They provide ad-
ditional information not available in the simple spectro-
scopic data and allow to identify the symmetry of the
underlying molecular potential. Furthermore, we found
that the PA rates in Fig. 2 (c) for ε ‖ R reach only 83%
of the value for ε ⊥ R. This is close to the theoretical
value of 87% for this specific 0−u potential, see table I.
A similar measurement for a previously studied 0+g po-
tential [17] reveals that the excitation in this case is not
possible from |mF = −2〉, independent of the angle β (see
Appendix A).
IV. ZEEMAN AND HYPERFINE
INTERACTION
In addition to the strong orientation-dependent coup-
ling rates, molecular states with |Ω| 6= 0 are expected
to also energetically split in the presence of a magnetic
field. At zero field, the calculated resonance positions
for the 1u potential located 735 MHz above the refer-
ence asymptote (see Fig. 1 (b)) agree with the measured
results, see Fig. 3 (a). In this configuration, both pos-
sible molecular orientations |ΨMol;±1u〉 are degenerate.
Measurements at a finite magnetic field B = 2.0 G ap-
plied along the lattice diagonal perpendicular to the UV
propagation direction, with initial states mF = −2,−1, 0
and an excitation light field oscillating perpendicular and
parallel to the atomic plane, are shown in Figs. 3 (b)
and 3 (c). In contrast to Fig 1 (a), the two possible ori-
entations of the molecules lead to a splitting of the vibra-
tional resonances into three instead of two lines. While
the two outer lines |ΨMol;±1u〉‖ correspond to β = 0,
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Figure 3. Excitation signatures for 1u molecules. (a) At
zero magnetic field, we find a series of narrow vibrational res-
onances matching the theoretical energies (grey). (b,c) Meas-
urements for a finite magnetic field and a light field oscillat-
ing perpendicular and parallel to the atomic plane reveal a
splitting of the lines. The outer resonances correspond to a
molecular alignment R ‖ B and the central one to R ⊥ B,
as shown in the recorded correlation signals. The difference
between the data and a calculation only based on the elec-
tronic state decomposition (grey solid line) can be explained
by the hyperfine interaction (colored bars). The height of the
bars indicate the calculated relative excitation rates, which
are also in agreement with the observations. All error bars on
the data points denote one s.e.m.
molecules |ΨMol;±1u〉⊥ created at the central unshifted
resonance are aligned perpendicular to B with β = 90◦.
This is supported by calculations including the interac-
tion of the molecular state with the magnetic field, which
predicts a first order Zeeman shift only for the molecules
aligned with the magnetic field. The observed PA rates
for different polarizations and initial states can again
be predicted by the molecular state decomposition and
the contributing Clebsch-Gordan coefficients. As expec-
ted, we find that both states |ΨMol;±1u〉‖ are generally
coupled more strongly for σ±-polarization compared to
pi-polarization (compare Figs. 3 (b) and (c)). In agree-
ment with Fig. 1 (a), the state |ΨMol; +1u〉‖ in Fig. 3 (c)
with Ω = +1 cannot be coupled with pi-polarized light
from |mF = −2〉 atoms because the dipole matrix ele-
ments starting from |MJ = −1〉 vanish.
Interestingly, the calculated splitting shows a small but
significant deviation from the measurements, which de-
pends on the initial state and the UV polarization. For
|mF = 0〉 as a starting state, we observe an asymmetric
splitting, while the splitting for |mF = −2〉 is symmet-
ric but overestimated by the theory. Both signatures are
even more pronounced for a 1u potential at lower prin-
cipal quantum numbers, see Appendix B. Extending the
theory to include the hyperfine interaction of the con-
tributing asymptotic Rydberg pair states |rirj〉, we are
able to also account for the remaining deviation. To our
knowledge, this is the first observation of hyperfine in-
teractions in Rydberg interaction potentials, enabled by
our high spectroscopic resolution and the narrow vibra-
tional resonances of Rydberg macrodimers. The addi-
tional observation that the central |ΨMol;±1u〉⊥ reson-
ance is broader than the Zeeman split resonances is a
consequence of the two competing reference frames. Ro-
tating the initial states by β = 90◦ into the molecular
frame, we find a large contribution of different nuclear
spin orientations, which are all split by the hyperfine in-
teraction.
V. POTENTIAL SHAPING AND
PREDISSOCIATION
In a final experiment, we show how the small bind-
ing energies of macrodimers enable control over molecu-
lar binding potentials and the internuclear wavefunction.
For this purpose, we focus on a 0−u potential in the vi-
cinity of a crossing repulsive 1u potential, shown in the
upper part of Fig. 1 (b). A spectroscopy of the vibra-
tional modes in the 0−u potential at zero field is presented
in Fig. 4 (a). A magnetic field B ‖ R shifts both states
within the 1u potential but the system still obeys the
rotational symmetry of the molecule, leaving both po-
tentials uncoupled. This changes for a finite transverse
magnetic field B ⊥ R where the symmetry is broken
and Ω is not conserved anymore. Now, a tunable Zee-
man coupling between both potentials emerges, which is
proportional to the magnetic field amplitude and expec-
ted to affect the vibrational motion, see Fig. 4 (b). To
study this effect, we initialize our atoms in mF = 0 and
measure the vibrational series again for a finite magnetic
field orthogonal to the atomic plane. For B = 4.5 G,
we now observe that some of the macrodimer lines
”
blur
out“ in a certain frequency range above the crossover, see
Fig. 4 (c). We attribute this to the non-adiabatic coup-
ling of the bound 0−u vibrational modes to the continuum
modes of the repulsive 1u potential, which significantly
decreases their lifetime and broadens their spectral lines.
This phenomenon is called predissociation [10, 29] and
its tunability by external magnetic fields has been stud-
ied [34, 35]. Compared to previous studies, our much
lower vibrational energies and the well defined angle β
in our system allow to study this at lower field amp-
litude and with unprecedented dynamic range and con-
trollability. At B = 12 G, we recover a clean vibrational
spectrum with well defined resonances, however with a
significant increase of the experimentally observed vibra-
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Figure 4. Potential engineering and controlled predisso-
ciation. (a) At zero field, the calculated eigenmodes (grey
lines) within the 0−u potential match the observations. (b)
A magnetic field perpendicular to the molecular axis couples
the 0−u potential (dark grey) to a crossing 1u potential (light
grey), forming a new combined binding potential (here shown
for B = 25 G in orange). (c) At 4.5 G, the vibrational res-
onances at certain frequencies above the crossing are signi-
ficantly broadened. At 12 G, we again find a clean spec-
trum which coincides with the newly engineered potential.
Grey (orange) lines represent the calculated eigenmodes in the
isolated 0−u (combined) potential. Due to an overall energy
shift, both sets of eigenmodes were manually overlapped with
the lowest line of the spectrum. All error bars on the data
points denote one s.e.m.
tional spacing from ∆νexp = 2.45(1) MHz to ∆νexp =
2.66(1) MHz, see Fig. 4 (c). This is in quantitative agree-
ment with the calculated values ∆ν0−u = 2.45(1) MHz
and ∆νcomb = 2.66(2) MHz in the isolated 0
−
u potential
and the new combined potential, indicating that the in-
teratomic motion now follows the avoided crossing adia-
batically. Additionally, we observe an overall energy off-
set, which also quantifies the influence of the magnetic
field on the binding potential. Further data in the re-
gime between B = 3.5 G and B = 6.5 G, where a break-
down of the Born-Oppenheimer approximation leads to
predissociation, is shown in Appendix C.
VI. CONCLUSION
Our observations show how the study of Rydberg mac-
rodimers in quantum gas microscopes enable characteriz-
ation and identification of molecular symmetries by their
microscopic couplings at a level of control not present in
conventional molecule platforms. Within the spectrum
of Zeeman-split 1u molecular transitions, we observe a
hyperfine interaction between the macrodimer state and
both nuclei. Furthermore, we show how the binding po-
tentials can be modified with external magnetic fields. In
future studies, potential shaping might also be extended
by coupling neigbhoring Rydberg states with microwave
fields [36, 37]. For quantum simulation purposes, the
strongly directional coupling rates to molecular states
can be used to engineer anisotropic interaction poten-
tials, also in the context of Rydberg dressing [38–42].
In particular, the tunability with the light polarization
enables very fast switching of admixed interactions. Fi-
nally, by choosing magnetic field and light polarization
such that coupling rates reach a maximum, one might
observe novel four-body interactions [43] arising between
all four Rydberg atoms contributing to pairs of macrodi-
mers.
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APPENDIX A: PHOTOASSOCIATION
1. Rotation into the molecular frame
Rabi frequencies between two internal atomic states
are usually calculated in the reference frame of the atom,
here given by the magnetic field B. For molecules, the
interatomic axis R enters as an additional parameter.
We account for this by transforming the 87Rb [44] ground
state |g〉B = |F,mF 〉 into the frame of the molecule by a
rotation operator Uˆ(β),
|g〉B → Uˆ(β)|g〉B =
∑
mF
cFmF |F,mF 〉 ≡ |g〉R. (A1)
Here, β is the angle between B and R. Accordingly, the
light polarization is expressed in the molecular frame.
Alternatively, the molecular state |ΨMol;Ω±g/u〉R →
Uˆ(−β)|ΨMol;Ω±g/u〉R ≡ |ΨMol;Ω±g/u〉B [17, 19, 20] can be
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rotated into the atomic frame. Because the molecular
state consists of a large number of atomic pair states
which have to be rotated individually, we rotate the ini-
tial state using Eq. A1.
2. Decomposition of the initial state
Due to the small hyperfine interaction strength of
Rydberg states, the electronic state of Rydberg macrodi-
mers is expressed in the fine structure basis. Decompos-
ing the rotated initial pair state |gg〉R in this basis yields
|gg〉R =
∑
mJ1 ,mJ2
∈{↑,↓}
|mJ1 ,mJ2〉
∑
mI1 ,mI2∈
[−3/2,3/2]
C1/2 F 3/2mJ1 mF1 mI1
C1/2 F 3/2mJ2 mF2 mI2 c
F
mF1
cFmF2 |mI1 ,mI2〉,
with ↑ (↓) = +1/2 (-1/2) formJ1 andmJ2 , reordered elec-
tron and nuclear angular momenta and Clebsch-Gordan
coefficients C1/2F 3/2mJ mF mI = 〈1/2,mJ , 3/2,mI |F,mF 〉. Fur-
thermore, we set mF1(2) = mJ1(2) + mI1(2) and omit the
sum because the Clebsch-Gordan coefficients vanish oth-
erwise. After introducing coefficients
c 2mJ1 ,mJ2 =
∑
mI1
mI2
(
C1/2 F 3/2mJ1 mF1 mI1C
1/2 F 3/2
mJ2 mF2 mI2
cFmF1 c
F
mF2
)2
and normalizing nuclear spin states |ΨmJ1 ,mJ2 〉I , this can
be simplified to
|gg〉R = c↓↓|↓↓〉J |Ψ↓↓〉I + c↑↑|↑↑〉J |Ψ↑↑〉I
+ c↓↑
(|↓↑〉J |Ψ↓↑〉I + |↑↓〉J |Ψ↑↓〉I) ,
with c↑↓ = c↓↑ for both atoms populating the same
ground state. Since dipole-allowed single-photon trans-
itions enforce an inversion symmetry flip, our two-
photon photoassociation (PA) conserves the inversion
symmetry of the initial state (see discussion of Eq. (A5)).
It is therefore convenient to further decompose |gg〉R
into gerade (g) and ungerade (u) inversion eigenstates
|MJ g/u〉, with MJ = mJ1 + mJ2 the summed angular
momentum projection on R. For ground state 87Rb
with orbital angular momentum L = 0, this leads to
pair states |0g〉 = 1/
√
2 (|↑↓〉 − |↓↑〉), | − 1u〉 = |↓↓〉,
|0u〉 = 1/
√
2(|↑↓〉 + |↓↑〉) and | + 1u〉 = |↑↑〉, which are
formally equivalent to the singlet and triplet basis states
of two coupled spin-1/2 systems. Introducing new nor-
malized nuclear spin states yields
|gg〉R = c−1u |−1u〉J ⊗ |Ψ−1u 〉I + c0u|0u〉J ⊗ |Ψ0u〉I
+ c+1u |+1u〉J ⊗ |Ψ+1u 〉I + c0g|0g〉J ⊗ |Ψ0g 〉I .
(A2)
The β-dependent coefficients for the three studied ground
states are shown in Fig. 5. If only one of the four states
couples to a molecular potential, the measured angu-
lar dependencies of the excitation rates reproduce these
curves. This is the case for the 0−u molecules studied in
Fig. 2 where the chosen light polarization only allows ex-
citation from |0u〉J . A comparable study for 0+g is shown
in Fig. 6, which can only be excited by the rotation-
ally invariant state |0g〉J . Since this component vanishes
for mF = −2, PA is only possible from mF = −1 and
mF = 0. In contrast to Fig. 2, we now observe larger
PA rates for pi-polarization compared to σ±-polarization.
This is in agreement with a calculation based on the
electronic decomposition of the state |ΨMol; 0+g 〉 (see also
table I) as well as with previous studies on the corres-
ponding 0+g potential for n = 35 with very similar coup-
ling characteristics [17]. If more than one of the four
states couple, the PA rates were added. Note also that
photoassociation projects the nuclear spin state, which
can entangle both nuclei.
3. Light polarization
The polarization ε of the excitation light field E = E0ε
with amplitude E0 is expanded into the spherical basis
ε =
∑
q∈{0,±1} cq eˆq in the molecular frame. We define
pi-polarized light eˆ0 = eˆz for ε ‖ R and σ±-polarized
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Figure 6. Experimental signatures for 0+g molecules (a) As
expected, excitation is not possible starting from mF = −2.
(b) Also consistent with our calculations, the measured cor-
relation strengths are independent of β and are stronger for
ε ‖ R. Again, the angular dependence was adopted from a
theoretical calculation (see Fig. 5 (b,c)) and only the overall
signal strength was left as a fit parameter. All error bars on
the data points denote one standard error of the mean (s.e.m.)
and grey circles indicate an expected background correlation
signal.
light eˆ±1 = ∓ 1√2 (eˆx ± ieˆy) for a light field oscillating
in the plane perpendicular to R. The PA laser propag-
ates along one lattice diagonal and the molecular bond
size studied here is close to the lattice diagonal distance.
This leads to PA either parallel or perpendicular to the
k-vector. For R ⊥ k and a UV polarization parallel (per-
pendicular) to the atomic plane, the polarization vector is
eˆz (eˆx). For R ‖ k, the pi-component is always zero and
all linear polarizations are equivalent. Now, the phase
delay ϕ between eˆx and eˆy parametrizes a general po-
larization vector ε(ϕ) = 1√
2
(
eˆx + e
iϕeˆy
)
. As shown in
Fig. 1 (a) and Fig. 7 (a), this allows us to further char-
acterize the discussed molecular symmetries by the an-
gular momentum conservation in their association. To
reveal this, we tuned the UV laser on resonance with
the lowest vibrational lines of each potential and com-
pared the correlation strength g(2)(1,−1) which is paral-
lel to the k-vector for various ϕ. For both potentials with
Ω = 0, we find that the PA rates reach a maximum for
linear polarization because a combination of σ+ and σ−
is needed. Coupling the 1u state with Ω = +1 starting
from |mF = −2〉, the largest coupling can be observed
for purely σ+-polarized light.
4. Calculation of Rabi frequencies
In a three-level system, the effective two-photon Rabi
frequency Ω˜ coupling an initial state to a final state via
an intermediate state reads Ω˜ = Ω˜1Ω˜22∆ . Here, Ω˜1(2) are
the Rabi couplings from the final state to the interme-
diate state and from the intermediate state to the ini-
tial state and ∆  Ω˜1 (2) is the intermediate state de-
tuning. The same formalism describes our PA, however,
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Figure 7. Further details on different molecular symmet-
ries. (a) For R ‖ k, the three potentials for n = 36 have
characteristic dependencies on the circular polarization angle
ϕ of the excitation light. The angular dependence was ad-
opted by theory and the overall signal amplitude was a fit
parameter. Grey areas denote the estimated background cor-
relation signal. (b) For a 1u potential for n = 31, we again
find a splitting of the molecular resonances (here shown for
ν = 0) in the presence of a magnetic field of B = 1.5 G. Here,
ε was directing out of the atomic plane. Grey lines indicate
the expected energies only accounting for the electronic struc-
ture of the molecule. The position (height) of the colored bars
indicate the resonances (scattering rates) after also including
the hyperfine interaction.
with more than one intermediate state and also several
coupled asymptotic pair states within the macrodimer
state. The coupling Hamiltonian reads
HˆL(E) = −(dˆ(1) ⊗ 1(2) + 1(1) ⊗ dˆ(2)) ·E,
with dˆ(1(2)) the dipole operators of both indi-
vidual atoms forming the molecule. The molecu-
lar states |ΨMol;Ω±g/u〉 =
∑
i,j cij(R)|rirj〉 consist
of many asymptotic Rydberg pair states |rirj〉 =
|niLiJimJi;njLjJjmJj〉, mixed by the interatomic in-
teraction. Since our UV laser can only excite Rydberg
P-states, only pair states where Li = Lj = 1 contribute.
The states |rirj〉 are coupled from the ground state |gg〉
by two-photon transitions via the two intermediate states
|rig〉 and |grj〉, yielding a summed contribution
Ω˜ij =
Ω˜iΩ˜j
2
(
1
∆i
+
1
∆j
)
. (A3)
Here, ∆i/j are detunings to either 36P1/2 or 36P3/2, de-
pendent on Ji/j , and Ω˜i/j =
1
~ 〈ri/j |dˆ · E|g〉 are single
particle Rabi frequencies. Summing over all contribut-
ing states, the total coupling rate Ω˜Mol to the molecular
state is
Ω˜Mol =
∑
ij
fνijΩ˜ij ≈ fν
∑
ij
cijΩ˜ij , (A4)
8Dataset state Ω˜ref/2pi (MHz) β ε mF γth (Hz) tuv (ms) γexp (Hz)
Fig. 2 (c) 0−u 1.25(15) 90 eˆ0 [-2,-1,0] [1.3(6), 0.80(39), 0.64(31)] [20, 30, 30] [1.7(1), 0.63(1), 0.57(1)]
Fig. 2 (c) 0−u 1.25(15) 90 eˆx [-2,-1,0] [1.5(6), 0.91(44), 0.73(36)] [20, 30, 30] [1.9(1), 0.80(1), 0.67(1)]
Fig. 3 (b) 1u, Ω = +1 1.50(15) 0 eˆx 0 23(9) 20 2.6(1)
Fig. 3 (b) 1u, Ω = ±1 1.50(15) 90 eˆx 0 45(18) 8.0 5.1(1)
Fig. 3 (b) 1u, Ω = −1 1.50(15) 0 eˆx 0 23(9) 20 2.2(1)
Fig. 6 (b) 0+g 1.15(15) 8 eˆ0 [-1,0] [40(21),54(28)] [1.5, 0.95] [26(1),43(1)]
Fig. 6 (b) 0+g 1.15(15) 8 eˆx [-1,0] [13(7),17(9)] [1.5, 0.95] [16(1),26(1)]
Fig. 7 (a) 0−u 1.50(15) 8 eˆx 0 1.51(55) 40 0.60(1)
Fig. 7 (a) 0+g 1.50(15) 8 eˆx 0 49(20) 1.0 32(1)
Fig. 7 (a) 1uΩ = +1 1.9(1) 0 eˆ+1 -2 934(197) 0.044 1045(13)
Table I. Calculated and experimental photoassociation rates. For measurements with varying β and ε, the value where the
hole-hole correlations reach its maximum were included. For linear UV polarization with ε ⊥ R, we choose the polarization
to be along the x-direction. For the hyperfine split 1u potentials studied in Fig. 3 (b), the rates of all transitions contributing
to the same of the three resolved resonances were added. This involves all hyperfine transitions as well as Ω = ±1 for the
central resonance. If the coupling was independent of the angle β, the value is not included. Errors on γth were estimated by
the fluctuations in the reference singe-photon Rabi frequency Ω˜ref (see Appendix D), which contribute to γMol to the fourth
power. Uncertainties in γexp originate from errors in the correlation signal g
(2)(δx, δy), obtained with a Bootstrap algorithm
(delete-1 Jackknife). Overall, γth (Hz) and γexp (Hz) are in good agreement. Only for the correlations presented in Fig. 3 (b),
the deviation is significant. For this dataset, however, we have indications that the UV beam was slightly misaligned, which
strongly decreases the scattering rate.
where fνij =
∫
Φ ∗ν (R)c
∗
ij(R)Φg(R)dR is the Franck-
Condon integral accounting for the overlap of the rel-
ative nuclear wave function for each of the contributing
pair states |rirj〉. Here, Φν(R) is the vibrational wave
function of the molecular state and Φg(R) is the relative
wave function before PA, in our case given by the Wan-
nier state in the optical lattice. If the electronic state
decomposition of the molecule remains roughly constant
over the extension of the vibrational wave function, only a
single Franck-Condon integral fν remains. In this work,
this is a good approximation since all hole-hole correla-
tions were measured at the lowest vibrational state. For
higher vibrational modes with larger spatial extension,
the changing character of the coefficients becomes im-
portant, as discussed in [17].
5. Inversion symmetry conservation
Because the Rydberg interaction Hamiltonian com-
mutes with the inversion operator, our macrodimers have
a well defined parity, with p = ±1 for gerade (ungerade)
states [19, 23, 45]. Using the symmetry properties of or-
bital angular momentum states, symmetrization of pair
states |rirj〉 with respect to inversion yields
|rirj ; g/u〉 ∝ |rirj〉 − p(−1)Li+Lj |rjri〉, (A5)
with p = ±1 for gerade (ungerade) states. For molecular
states |ΨMol;Ω±g/u〉 =
∑
i,j cij |rirj〉, this fixes the relation
between cij and cji. Since dipole matrix elements van-
ish for ∆L 6= ±1, the ground state atoms with L = 0
can only couple states |rirj〉 with Li/j = 1, yielding cij
= ±cji for coupled ungerade (gerade) pair states. From
Eq. (A2), one finds that only for an initial state which
has the same inversion symmetry as the molecular state,
both added coupling terms Ω˜ij and Ω˜ji in Eq. (A4) will
constructively interfere, while they will cancel each other
otherwise.
6. Excitation rates
Pairs of Rydberg atoms at small distances autoionize
on very fast timescales [46, 47]. However, since macrodi-
mers are much larger than the Rydberg orbit, their life-
time is expected to be limited by the decay rates of the in-
dividual Rydberg states admixed to the molecule [14, 21].
Hence, the decay rate can be calculated from
γMol =
∑
i,j
|cij |2(γi + γj), (A6)
where the single-atom decay rates γi/j include transitions
to the ground state as well as room temperature black-
body rates to neighboring Rydberg states.
For the 1u, 0
−
u and 0
+
g potentials blue-detuned from
the 36P1/2 resonance studied here, we expect lifetimes of
20.3, 19.7 and 20.3µs. We drive the molecular excitation
in the incoherent regime, where the scattering rate for a
single atom pair can be estimated using
γth ≈ Ω˜
2
Mol
γMol
. (A7)
While the discussion so far was limited to the func-
tional dependence of the microscopic scattering rates
9on β,ε and mF , the absolute numbers of the meas-
ured scattering rates can also be compared with theory.
All correlation measurements were performed in the low
excitation limit with a small mean number of excited
molecules NMol where saturation effects are small. In
that regime, the observed PA rate can be estimated by
γexp ≈ g(2)(1,±1)/tuv. The resulting measured and cal-
culated scattering rates based on Eq. (A4), Eq. (A6) and
Eq. (A7) are shown in table I. In agreement with the
calculation, we find that the 0−u potential features the
weakest PA rates, related to the large intermediate state
detuning close to the center between both fine structure
levels 36P1/2 and 36P3/2. The strongest PA rate was ob-
served for the association of 1u molecules starting from
mF = −2, with σ+-polarized light. While the angular de-
pendence presented in Fig. 2 (c), Fig. 6 (b) and Fig. 7 (a)
shows almost perfect agreement with theory, absolute
scattering rates have a higher uncertainty. This is re-
lated with the strong scaling of γth with the measured
reference single-photon Rabi coupling Ω˜ref .
APPENDIX B: ZEEMAN AND HYPERFINE
INTERACTION
The coupling of the molecular state with a magnetic
field and the nuclear angular momenta perturbs the
Hamiltonian Hˆ0 of the two isolated atoms and their elec-
trostatic interaction by
Hˆ1 = Hˆ
(1)
B ⊗ 1(2) + 1(1) ⊗ Hˆ(2)B
+ Hˆ
(1)
hfs ⊗ 1(2) + 1(1) ⊗ Hˆ(2)hfs ,
(B1)
with single particle operators
HˆB = µB
(
gSSˆ+ gLLˆ
)
·B (B2)
and
Hˆhfs =
∑
i
Arihfs|ri〉〈ri|Iˆ · Jˆ. (B3)
Here, Lˆ and Sˆ are orbital angular momentum and elec-
tronic spin operators, gS and gL the corresponding Lande´
factors, Jˆ = Lˆ + Sˆ is the total angular momentum of
the electron and Iˆ the nuclear spin operator. The Zee-
man interaction of both isolated nuclei were neglected
because of the small g-factor gI = 9.95× 10−4 [48]. The
contributing hyperfine constants Arihfs were determined
based on measurements at lower principle quantum num-
bers and known quantum defects, see table II. We expect
A
36S1/2
hfs ≈ 487 kHz, A
36P1/2
hfs ≈ 132 kHz and A
36P3/2
hfs ≈
28 kHz.
For the energetically isolated 1u potential presented in
Fig. 3, only the two states |ΨMol;±1u〉 =
∑
i,j c
±1
ij |rirj〉
with Ω = ±1 are relevant. Hence, energy shifts
nLJ nS1/2 nP1/2 nP3/2
δ0 3.131 [49] 2.6545 [50] 2.6415 [50]
δ2 0.179 [50] 0.290 [50] 0.295 [50]
Arefhfs (MHz) 2.14 (28S1/2) [50] 59.9 (7P1/2) [51] 4.05 (9P3/2) [48]
Table II. Quantum defects and hyperfine constants. The hy-
perfine constants Arihfs ∝ (1/n∗)3 are calculated using n∗ =
n−δ(n,L, J), δ(n,L, J) ≈ δ0 +
(
δ0
n−δ2
)2
and literature values
Arefhfs as references. Contributions from nD-states were also
included but influenced the value of Aeff by less than 1%,
states with L > 2 were neglected.
can be calculated within the subspace {|ΨMol;±1u〉 ⊗
|mI1 ,mI2〉}, with mI1(2) the nuclear spin orientation of
both atoms. Because Sˆ and Lˆ cannot change Ω by
2, none of the 32 relevant states can be coupled by
Eq. B2. Writing Iˆ · Jˆ = 12 (Iˆ−Jˆ+ + Iˆ+Jˆ−) + IˆzJˆz with
Jˆ± = Jˆx ± iJˆy and Iˆ± = Iˆx ± iIˆy, one finds the same
result for Eq. B3. Consequently, all angular momentum
operators can be replaced by their z−components and
magnetic field components Bx and By can be neglected.
The presented energy shifts were obtained by
∆EΩmI1 ,mI2 = geffµBΩBz +Aeff(mI1 +mI2)
Ω
2
. (B4)
Using gSSˆz + gLLˆz = gLJˆz + (gS − gL)Sˆz with gL = 1
and gS ≈ 2, the effective molecular g-factor writes
geff = | ± 1 + 〈ΨMol;±1u|Sˆ(1)z ⊗ 1(2)|ΨMol;±1u〉
+ 〈ΨMol;±1u|1(1) ⊗ Sˆ(2)z |ΨMol;±1u〉|,
(B5)
yielding geff ≈ 0.66 after expanding the contributing
asymptotic states |ri, rj〉 into uncoupled spin and or-
bital angular momenta. The effective hyperfine inter-
action was calculated as Aeff =
∑
i,j |c±1ij |2(Arihfsm′Ji +
A
rj
hfsm
′
Jj) ≈ 127 kHz. Because the molecular bond
lengths and the lattice spacing are larger than the con-
tributing Rydberg orbits (≈ 130 nm), we only consider
the coupling of the Rydberg states to the nucleus they
are bound to. To further verify the presence of the hy-
perfine coupling, we also measured the magnetic field
splitting for the corresponding 1u potential at the blue-
detuned side of 31P1/2, see Fig. 7 (b). The reduced bond
length close to the lattice constant now leads to a correl-
ation signal peaking at a distance of alat. This requires
a magnetic field applied along the lattice direction in or-
der to keep the conditions identical to Fig. 3 (b). While
geff ≈ 0.63 remains almost the same, the hyperfine in-
teraction Aeff ≈ 216 kHz is larger. This leads to an even
more significant deviation from a calculation neglecting
the hyperfine interaction. Starting from mF = 0, we also
reproducibly observed that the Ω = −1 resonance ap-
pears stronger than the Ω = +1 resonance, which might
be due to a slightly imperfect UV polarization.
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Figure 8. Further details on the predissociation. (a) Cal-
culated magnetic field dependence of the gap between both
potentials. (b) Calculated Franck-Condon density coupling
bound states to continuum modes at same energy in arbit-
rary units (a.u.). The calculated position of the crossing and
the measured frequency region are indicated as a red line and
a grey shaded area. (c) Further spectroscopic results starting
from mF = 0. For B = 3.5 G and B = 4.0 G, grey lines de-
note the calculated resonance frequencies for the 0−u potential
at zero field. For B = 6.5 G, the calculations in the combined
potential were included (orange). Because of an overall en-
ergy shift observed at B = 6.5 G, both sets of resonances were
manually shifted to agree with the lowest vibrational reson-
ance of the spectrum. All error bars on the data points denote
one s.e.m.
APPENDIX C: BREAKING MOLECULAR
SYMMETRIES
For the crossing potentials V1u(R) and V0−u (R) dis-
cussed in Fig. 4, the relevant molecular states are
|ΨMol;±1u〉 and |ΨMol; 0−u 〉. We define states |ΨMol;Su〉 =
1/
√
2(|ΨMol; +1u〉 + |ΨMol;−1u〉) and |ΨMol;Au〉 =
1/
√
2(|ΨMol; +1u〉 − |ΨMol;−1u〉). Neglecting the hyper-
fine part, Eq. B1 reduces to Hˆ1 = Hˆ
(1)
B ⊗1(2)+1(1)⊗Hˆ(2)B .
For B ⊥ R, the single particle Hamiltonians can be ex-
pressed as
HˆB = µB
(
gSSˆx + gLLˆx
)
Bx. (C1)
The magnetic field induces a coupling
∆C(R) = 〈ΨMol; 0−u |Hˆ1|ΨMol;Su〉. Because
〈ΨMol; +1u|Hˆ1|ΨMol; 0−u 〉 = 〈ΨMol;−1u|Hˆ1|ΨMol; 0−u 〉,
the state |ΨMol;Au〉 remains uncoupled, leaving one
of the two crossing 1u potential curves unchanged.
Again, the molecular state decompositions depend on
R. At the crossing point Rc of both potentials, the
gap size is 2∆C(Rc), as shown in Fig. 8 (a). The new
combined potentials shown in in Fig. 4 (b) are obtained
by diagonalizing
Hˆ =
(
V1u(R) ∆C(R)
∆C(R) V0−u (R)
)
. (C2)
The coupling of the bound states to the continuum does
not only depend on the electronic coupling ∆C(R) but
also on the overlap with the nuclear motion. In our
case, where one potential is a repulsive potential well,
a Franck-Condon density (FCD) quantifies the coupling
strength between a vibrational state Φν(R) to nearby
continuum modes. An estimation of the FCD by the
overlap integral of the vibrational bound states with the
continuum states at same energy is shown in Fig. 8 (b).
We find that the FCD vanishes for vibrational states en-
ergetically below the crossing, while it oscillates with ν
above. This is consistent with previous studies on predis-
sociation [52] and can be understood by comparing the
first lobe of the continuum states with the vibrational
states Φν(R): If it coincides with the first lobe of Φν(R),
the FCD reaches a maximum. It becomes very small if
it matches with the first zero crossing of Φν(R) and in-
creases again matching with the second lobe of Φν(R)
and so on.
Further spectroscopic data for B = 3.5 G, B = 4.0 G
and B = 6.5 G, again for an initial state mF = 0, are
shown in Fig. 8 (c). For B = 3.5 G, we start to see first
indications of the gap at ν ≈ 55. Additionally, it seems
that another region of broadened vibrational resonances
occurs for ν . 50. For B = 4.0 G, perturbations are
clearly visible at ν ≈ 55 and also seem to be present for
ν & 66. For both datasets, the vibrational resonances
are still in good agreement with the calculated eigenen-
modes in the 0−u potential at zero field. For B = 6.5 G,
the perturbed region moved to slightly lower energies and
is significantly weaker. Also, the spectrum is now shif-
ted and the experimentally observed vibrational spacing
∆νexp = 2.66(1) MHz is in agreement with the calculated
result ∆νcomb = 2.66(2) MHz in the combined potential
rather than the ∆ν0−u = 2.45(1) MHz in the 0
−
u potential.
In all cases, ∆νexp was obtained by fitting a vibrational
series with varying frequency spacing to the data. Un-
certainties on the calculated values ∆ν0−u and ∆νcomb ac-
count for the anharmonicity of both molecular potentials
in the frequency range of the spectroscopies performed
above the potential crossing. For B = 6.5 G, both sets
of eigenenergies were manually shifted to agree with the
lowest vibrational resonance of the spectroscopy.
APPENDIX D: METHODS
All macrodimer potentials and wave functions were ob-
tained by the pair interaction program [23]. Agreement
between measured and calculated vibrational resonances
required 10 000 − 15 000 basis states, within an energy
11
band of around 500 GHz. Perturbations by magnetic
fields were calculated using the molecular states obtained
at zero field and the presented formalism. Rydberg life-
times contributing to the molecular decay rates were cal-
culated with the ARC package [53]. The rotational con-
stant was calculated as Brot = ~2/(4µa2lat) [31], with µ
the reduced mass of both 87Rb atoms.
All detunings ∆ are defined relative to the center of the
Zeeman split states in the ground state and the Rydberg
state. The Rydberg resonances were drifting by up to
500 kHz on timescales of roughly a day, which required
us to track the resonance position. We always chose a
lattice depth of V0 ≈ 40Erec for both lattices in the
atomic plane and V0 ≈ 80Erec perpendicular to it. Here,
Erec is the recoil energy of the optical lattice [54]. Since
the Wannier state in the atomic limit is only weakly de-
pendent on the lattice depth, this is not a critical para-
meter as long as one stays deep in the Mott insulating
regime [17, 54]. In order to evaluate γth by Eq. A7,
we measure the single atom Rabi frequency Ω˜ref coup-
ling the ground state |mF = −2〉 to the Rydberg state
|36P1/2,m′J = +1/2〉 with linear UV polarization per-
pendicular to the chosen magnetic field. We obtain Ω˜ref
by probing the AC-Stark shift at a detuning ∆ from the
Rydberg resonance with a microwave field driving both
ground state hyperfine levels F = 1 and F = 2. For
the spectroscopic data, the frequency was swept during
the UV pulse to cover the full range between neighboring
data points. The data points always represent the mean
of roughly 10 shots. For each of the correlation measure-
ments, we took at least 200 images under the same condi-
tions. We also studied the ejection efficiency of Rydberg
atoms from the lattice by measuring the F = 1 fraction
of atoms after a Rydberg excitation pulse starting from
F = 2 in a configuration where excited atoms are expec-
ted to also decay to F = 1. We did not find an increase
of atoms in F = 1 and conclude that retrapping does not
occur. Experimental runs with high atom number fluc-
tuations due to an imperfect preparation of the ground
state atom array were excluded. For the results presented
in Fig. 2 (c) and Fig. 6 (b), we rotated the magnetic field
with an absolute value of B = 1.0 G in five steps from
β = 0◦ to β = 90◦ to get the characteristic curves. The
symmetry allows us to take the data in this region only.
In Fig. 3 (b), we fit a sum of three Gaussians and use the
result for the central line as a reference to indicate the
calculated Zeeman and hyperfine shifts.
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